Abstract The optimization of the main experimental variables, such as extraction temperature, volume of sample and the extraction time of an HS-SPME/GC-MS procedure, for profiling beer volatile analysis was evaluated using response surface methodology. A central composite circumscribed design was employed to study the effect of the experimental variables on the extraction of 28 representative volatile compounds of beer flavour profile. The parameters of the models were estimated by multiple linear regressions. The strongest influence in the volatile extraction yield was the volume of the sample (V) and the extraction temperature (T), with a positive and a negative effect, respectively. The performance characteristics of the optimised method were also determined, showing adequate linear ranges, repeatability, detection and quantification limits. The optimised methodology was applied to the same beer sample stored during 5 months at three different temperature conditions (4, 20 and 40°C). Sampling was performed monthly, and the results showed that the concentration of most volatile compounds decreased during beer storage, although the rate of decrease was clearly higher at room temperature (20°C) compared with refrigeration conditions (4°C). Accelerated ageing conditions (40°C) showed the most different volatile profile. Sensory analysis also revealed large differences in the overall quality of the samples, showing that even at room temperature the aroma profile of beer is greatly modified during its shelf life.
Introduction
Aroma represents one of the main quality attributes in beer and has great importance in consumers' preferences. Beer quality and aroma characteristics are strongly influenced by the raw materials (water, yeast, malt and hops) and the brewing process. In addition, beer aroma profile might evolve during storage (Rodrigues et al. 2011) . The formation and degradation reactions taking place during storage might affect many of the compounds involved on the characteristic beer aroma, which, in most of the cases, produce depreciation in this attribute. In general, a decrease in fruity and flowery aromas and an increase in caramel, burnt sugar and toffee nuances have been observed. Moreover, blackcurrant and cardboard notes have been described at different times of storage (Vanderhaegen et al. 2006 (Vanderhaegen et al. , 2007 . In very aged beers, wine and whisky aroma notes have also been reported (Vanderhaegen et al. 2007) . Regarding the chemical reactions responsible for the deterioration of beer aroma, the presence of reactive oxygen species initiates many ageing reactions. These chemical reactions might include the formation of carbonyl compounds from different beer components and/or cyclic acetals. In addition to the oxidative ageing, other non-oxidative reactions, such as Maillard reactions, synthesis and hydrolysis of volatile esters, and the formation of sulphides, among others, might also be produced during beer ageing (Vanderhaegen et al. 2006) . Being aroma stability one of the main issues regarding beer quality, more scientific studies dealing with the factors involved in the evolution of beer flavour during its shelf life are necessary.
The analysis of the volatile composition of beers requires extraction techniques before the analysis by using gas chromatography (GC). Among them, although the solid phase extraction technique has been recently used to isolate volatile compounds from beers (Rodrigues et al. 2011) , in general, those techniques based on the headspace extraction, and mainly solid phase micro-extraction (SPME), have gained great interest due to some advantages related to the minimal sample preparation involved and their availability as fully automated techniques. Several methodologies have been published in which SPME has been optimised to analyse a wide range of beer volatile compounds or several compounds from the same chemical group (Pinho et al. 2006; Saison et al. 2008; Pizarro et al. 2010; Schutter et al. 2008; Campillo et al. 2009; Horak et al. 2010; CharryParra et al. 2011) . Moreover, there are some published methodologies describing the use of on-fibre derivatization with O-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine for the determination of specific beer aldehydes (Vesely et al. 2003) . In general, in most of the published works, the optimization of the different parameters of the SPME process (type of fibre, extraction temperature and time, sample volume, salt concentration, etc.) has been carried out evaluating each of them separately. Some disadvantages of this type of approach are that it is very time-consuming and the interactions between factors are not considered. In order to overcome these limitations in the optimization methodology, a chemometric approach based on a factorial experimental design might allow evaluating the effect of all experimental parameters and their interactions and, at the same time, reducing the number of experiments for the method optimization (Miller et al. 2002) . In this sense, the response surface methodology (RSM) explores the relationship between several explanatory variables and one or more response variables by means of a mathematical model able to properly predict the values of the response variables. RSM has been successfully applied for the optimization of SPME methodologies in vinegar and wine (Castro-Mejías et al. 2002 . In the case of the analysis of beer volatile compounds, although the SPME technique has been used by different authors (Pinho et al. 2006; Saison et al. 2008; Schutter et al. 2008; Campillo et al. 2009; Horak et al. 2010; Charry-Parra et al. 2011; Jelen et al. 1998) , only Pizarro et al. (2010) performed the optimization of the method in a chemometric way considering the interactions between parameters by using a central composite design for the analysis of four volatile phenols in beers. However, to our knowledge, a multivariate optimization for a wide range of volatile compounds, that is, for beer volatile profiling, has not been done so far.
Therefore, the aim of this work was to optimise a HS-SPME method for the analysis of a wide range of volatile compounds of beer, considering the interactions among the different variables involved in the extraction using a central composite circumscribed (CCC) design. In addition, the SPME method was validated and applied to follow the volatile evolution of beers submitted to different temperature conditions during their storage.
Material and Methods

Samples
All the beers (500 mL cans, Pilsner type, 5.4% ethanol, v/v) came from the same batch of the product and were provided by the beer company. They were stored in temperature-controlled conditions: at refrigeration conditions (4°C), at room temperature (20°C) and at 40°C (simulating accelerated ageing conditions) for 1, 2, 3, 4 and 5 months. Three cans from the same storage conditions were used for each analysis.
Chemicals
Standards of analysed volatile compounds were purchased from different providers with the highest purity available (above 98%): ethyl acetate, ethyl butyrate, isobutyl acetate, isobutanol, 1-hexanol, isoamyl alcohols, γ-nonalactone, 4-ethylphenol and 2-methoxy-4-vinylphenol were provided by Aldrich (Steinheim, Germany); ethyl propanoate, isoamyl acetate, limonene, ethyl heptanoate, ethyl octanoate, hexyl acetate, linalool, α-terpineol, β-citronellol, nerol, β-phenylethyl acetate, ethyl dodecanoate, β-ionone and 3-octanol were from Fluka (Buchs, Switzerland); ethyl hexanoate, ethyl decanoate and β-phenyl-ethyl alcohol were supplied by Merck (Munchen, Germany); diethyl succinate and hexanoic and octanoic acids were from Scharlau (Barcelona, Spain); 4-vinylphenol, 4-ethylguaiacol and 3,4-dimethylphenol were provided by Lancaster (Morecambe, England), and β-damascenone was from Firmenich (Geneva, Switzerland).
Experimental Design
The effect of three factors-volume of the sample (V), extraction temperature (T) and extraction time (t)-on the relative peak area of each volatile compound (response variable) was evaluated using a CCC design (Box et al. 1978) . A total of 32 assays-eight points of a full factorial design (combination of levels −1 and +1), six star points (at levels ±α, α0start distance01.682) and two centre points to estimate the experimental error-were carried out in a duplicated and randomized run order. By using this design, the three factors were tested at five different experimental levels: V at 1, 2, 3.5, 5 and 6 mL; T at 31.6, 35, 40, 45 and 48.4°C; and t at 13.2, 20, 30, 40 and 46 .8 min, in correspondence with the coded levels −1.682, −1.000, 0, +1.000 and +1.682, respectively. Table 1 shows the experimental matrix design, with the experimental levels of the independent variables (factors). The table also shows the amount of NaCl added to the sample in each experiment. This variable was not included in the factorial design since the effect of NaCl addition for increasing the concentration of most beer volatile compounds in the headspace during the HS-SPME analysis has been previously confirmed Pizarro et al. 2010; Schutter et al. 2008; Jelen et al. 1998; Liu et al. 2005) . Therefore, in all the experiments, NaCl was added to the sample at saturation level (30%, w/v).
The quadratic polynomial model proposed for the response variable (Y i ) for each selected volatile compound was:
where β o is the intercept, β i the linear coefficient, β i,i the quadratic coefficient, β i,j the interaction coefficient, and ε is the variable error. The parameters of this model were estimated by multiple linear regression (MLR) using the Statgraphics Centurion XV program (StatPoint Inc., www. statgraphics.com) that permits the creation and analysis of experimental designs. The effect of each term and their statistical significance for each of the response variables (28 volatile compounds) were analysed from the standardized Pareto chart. The goodness of fit of the model was evaluated by the coefficient of determination (R 2 ), the residual standard deviation (RSD) and the lack-of-fit test for the model from the analysis of variance (ANOVA). The lack-offit test is designed to determine whether the selected model was adequate to describe the observed data or whether a more complicated model should be used. The test is performed by comparing the variability of the current model residuals to the variability between observations at replicate settings of the factors. The terms not significantly different from zero (p>0.10) were excluded from the model, and the mathematical model was re-fitted by MLR. From the fitted model, the estimated surface plot and the optimum conditions that maximised the response variable were obtained.
Analysis of Volatile Compounds by HS-SPME-GC-MS
HS-SPME Procedure
For the optimization of the SPME procedure, the variables, weight of NaCl, volume of sample, extraction temperature a The amount of NaCl was not included in the experimental design. In all the cases, the concentration was set at saturation level (30%, w/v); therefore, depending on the volume of sample, the amount of NaCl was different in each assay and time were modified in accordance with Table 1 . The optimised final conditions for the HS-SPME were the following: 6 mL of beer sample, 40 μL of an internal standards solution (400 mg/L of 3,4-dimethylphenol and 10 mg/L of 3-octanol) and 1.8 g of NaCl were added to 20-mL SPME vials and were sealed with PTFE/Silicon septum (Supelco, Bellefonte, PA, USA). The extraction was automatically performed using a CombiPal system (CTC Analytics AG, Zwingen, Switzerland) provided with a 50/30-μm divinylbencene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fibre of 2-cm length (Supelco). The samples were previously incubated for 10 min at 44.8°C and the extraction performed in the headspace of the vial for 46.8 min at 44.8°C. The desorption was performed in the injector of the GC chromatograph (Agilent 6890N) in splitless mode for 1.5 min at 270°C. After each injection, the fibre was cleaned for 30 min in the needle heater of the CombiPal system avoiding any memory effect. All the analyses were performed in duplicate.
GC-MS Analysis
An Agilent MSD ChemStation Software was used to control the gas chromatograph (Agilent 6890). For separation, a Supra-Wax fused silica capillary column (60-m×0.25-mm i.d.×0.5-μm film thickness) from Konik (Barcelona, Spain) was used. Helium was the carrier gas (1 mL/min). The oven temperature was programmed as follows: 40°C as initial temperature, held for 5 min, followed by a ramp of temperature at 4°C/min to 240°C and then held for 15 min. For the MS system (Agilent 5973N), the temperatures of the transfer line, quadrupole and ion source were 270, 150 and 230°C, respectively; electron impact mass spectra were recorded at 70-eV ionization voltages and the ionization current was 10 μA. The acquisitions were performed in Scan (from 35 to 450 amu) and Sim modes for some specific compounds (Table 3 ). The signal corresponding to a specific ion of quantification was calculated by the data system. Quantitative data were obtained by calculating the peak area of each compound in relation to that of the appropriate internal standard depending on the type of compound. Calibration curves of each compound were performed using a model beer (11 g/L tartaric acid, 4%, v/v, ethanol, pH 4.5) spiked with the commercial pure reference compounds at five different levels of concentration covering the concentration ranges expected in beers.
Sensory Analysis
The sensory panel was composed of nine trained expert judges who participate regularly in beer sensory analyses and are periodically tested for acuity. Following the Analytical EBC (European Brewery Convention) in sensory analysis, beer samples were evaluated in triplicate in three formal sessions that were held on different days. Each evaluation was conducted in individual tasting booths at room temperature. The beer samples were orthonasal and retronasal analysed for the whole beer flavour (odour and aroma/taste). The trained expert panel rated the overall quality of the beer samples in a scale from 1 to 9 points. At the end of the analysis, they were also asked to describe the most prominent flavours perceived in the samples.
Statistical Analysis of the Data
Besides the aforementioned statistical treatments used for the experimental design, other statistical methods used for the data analysis were: cluster analysis to discover natural groupings of the samples; principal component analysis (PCA), from standardized variables, to examine the relationship between the analysed variables; and two-way ANOVA to test the effects of the two factors studied (time and storage conditions) and Student-Newman-Keuls test for the comparisons of means. STATISTICA program for Windows was used for data processing (StatSoft, Inc., www.statsoft.com).
Results and Discussion
Optimization of the HS-SPME-GC-MS Conditions
It is well known that the volume of the sample (V), extraction temperature (T) and the extraction time (t) are among the most outstanding variables influencing the volatile extraction yield when using a HS-SPME procedure for volatile analysis. The effects of the combination of these variables and their interaction on the extraction of beer volatile compounds were evaluated. Twenty-eight target volatile compounds (Table 2) were selected because they belonged to very heterogeneous chemical groups; thus, they represented the different compounds that might influence beer aroma positively or negatively. A DVB/ CAR/PDMS SPME fibre, which has been shown to provide good extraction yield for this type of compounds (Pizarro et al. 2010; Horak et al. 2010; Cajka et al. 2010; RodriguezBencomo et al. 2011) , was selected for the SPME analysis.
For the optimization of the HS-SPME-GC-MS methodology, the absolute chromatographic peak areas (response variable) of the 28 volatile compounds were obtained in different analysis conditions provided by the experimental matrix of the CCC design shown in Table 1 . All the experiments, including replicate assays, were randomly performed to minimise the effects of uncontrolled factors that might introduce bias into the measurements. MLR was applied to estimate the parameters of the proposed model in Eq. 1 for each of the 28 response variables. The effect of each parameter and their statistical significance were analysed from the standarized Pareto chart. Figure 1 shows an example of the Pareto chart calculated for the compound β-phenylethyl acetate, in which the effect of each term of the model divided by its standard error is shown. The table also includes the optimal values for the three studied factors (V, T, t) to get the maximum response (chromatographic peak area) obtained by MRO for 16 selected compounds (in bold)
The terms not significantly different from zero (p>0.10) were excluded of the model, and the mathematical model was refitted by MLR. The regression coefficients, for unscaled factors, and the statistics of the fitting for each response (determination coefficient, R 2 , and residual standard deviation, RSD) are shown in Table 2 . In this table, most of the variables showed an adequate fit to the calculated model (R 2 > 0.7). However, some compounds (e.g. nerol, 4-ethylguayacol, 4-vinylphenol, among others) showed a lower or even a lack of fit to the proposed models. The different physical-chemical characteristics of the selected volatile compounds might have provoked differences in their responses towards the studied factors, resulting in the lack of fit to the proposed models. In addition, the fact of using absolute chromatographic peak areas instead of relative peak areas as response variables also might introduce additional variation in the calculated areas. Moreover, other aspects related to the lack of selectivity of the SPME fibre employed in this study for certain volatile compounds and other reasons inherent to the beer samples employed in this study, such as the low amount in which a specific volatile was detected in the sample, might have contributed to explain the lack of fit. However, as is shown in Table 2 , it was demonstrated that the models for most of the volatile compounds, even for those belonging to different chemical classes, were adequate enough to describe the data (p values of lack of fit test>0.05) throughout the experimental domain. In the table, it can be seen that the linear terms significantly different from zero, which have the strongest influence in the volatile extraction yield, are the volume of the sample (V) and the extraction temperature (T), having in general a positive and a negative effect, respectively. Extraction time had a lower weight in the model (smaller coefficient values), and in general, its influence was negative for most of the selected volatile compounds. Only for four compounds (ethyl hexanoate, linalool, diethyl succinate and ethyl 9-decenoate) was this coefficient positive, showing an increase in the response of these compounds with an increase in the extraction time. It seemed clear that an increase of the sample volume provoked the preconcentration of all the studied analytes, improving their sensitivity and, therefore, the chromatographic signals. This effect has also been noted when analysing different types of beer volatiles, such as sulphur or selenium compounds (Campillo et al. 2009 ). However, the effect of temperature and time seemed to depend on the type of compound. In general, it has been observed that more volatile compounds tend to increase with rising temperature because of the lowering headspace fibre partition coefficient, whilst the opposite effect has been shown for less volatile compounds, which has been explained by the increase in the vapour pressure . Nonetheless, the effect of these factors might be influenced by others related to the extraction procedure, such as the fibre coating. In many previous studies focused on the optimization of beer volatile analysis, the effect of these factors has been treated separately, and in some cases the interaction terms have been neglected. Nonetheless, Table 2 shows that the interaction terms of the models were also important. For instance, the interaction T × t was significant and positive for more than half of the selected volatile compounds. In addition, the interaction coefficients V × t were significant for 9 of the 28 selected compounds. However, the interaction coefficient V × T and the quadratic terms of the models seemed to have less influence in the response. Figure 2 shows, as an example, the estimated surface plot for β-phenylethyl acetate as a function of the volume of sample, extraction time and fixing the temperature at 40°C. This type of plots can be used for predicting future responses and for optimizing the response. As can be seen in the figure, an increase in the sample volume or either in the extraction time gave rise to an increase in the chromatographic peak area.
The optimum values for the three studied factors provided by the Statgraphics program are also shown in Table 2 . In general, a higher sample volume (6.02 mL) is preferred for Fig. 1 Standardized Pareto chart plot with the effect of each term in the model divided by its standard error for the response variable of β-phenylethyl acetate (relative peak area). The vertical line in the chart tests the significance of the effects at the 90% confidence level. Legend for the bars corresponding to the terms in the model of Eq. 1 (V0volume of sample, T0extraction temperature and t0extraction time) IS internal standard employed in the quantification, O 3-octanol, D 3,4-dimethylphenol, Ion Q quantification ion, RT retention time (in minutes), n.s the regression presented a value of the parameter a not significantly different from zero (p>0.05); CV (%) repeatability expressed as coefficient of variation (%) a Compounds identified by SIM mode the extraction of most volatile compounds. On the other hand, whilst lower extraction temperatures (<34.6°C) seemed to be optimum for half of the studied volatiles, the highest temperatures (48.4°C) were likely better for the extraction of the lower volatile compounds. For the latter type of compounds, the optimal conditions also included relatively high extraction times (46.8 min). Based on these results, it seemed that each volatile compound exhibited different optimal extraction conditions; however, for the analysis of the volatile profile of beer, it is interesting taking into consideration all the variables at the same time to set up the extraction conditions that provide the highest extraction yield. By using the multiple response optimization (MRO), the Statgraphics program recalculated the optimal conditions in trying to maximise the response value. The only limitation of this program is that only 16 variables can be optimised at once. Therefore, this option was applied for some of the variables presented in Table 2 . They were selected taking into consideration that they were representative of different chemical groups and that they showed an adequate fit (R 2 >0.7) by univariated optimization. All of them are highlighted in bold in Table 2 . The optimum conditions for volume, temperature and extraction time were 6 mL, 44.8°C and 46.8 min, respectively.
Analytical Characteristics of the Method
Before the application of the optimised HS-SPME-GC-MS method to the beer samples under study, the analytical quality of the method was evaluated. Table 3 summarizes the analytical characteristics (regression coefficients, linear ranges, and limits of detection and quantification) of the major volatiles detected in beers. A synthetic beer was used for calibration purposes. Two different internal standards (3-octanol and 3,4-dimethylphenol) were used, and all the chromatographic peak areas were related to those of the reference internal standard (relative peak areas). As can be seen in the table, the precision of the method, estimated as repeatability (three analyses of the same beer sample performed in the same day by the same operator), was also calculated and expressed as coefficient of variation (% CV). The values obtained were in general below 10% for most of the analytes, except for ethyl decanoate and dodecanoate and 4-ethylguayacol. Jelen et al. (1998) also found values of CV for ethyl decanoate higher than 10% using a HS-SPME approach with the same type of fibre, whilst Cajka et al. (2010) showed CV values for ethyl esters of fatty acids between 7.3% and 29.2%. From the linear regression analysis, a good linearity (R 2 >0.99) for a wide range of concentrations essayed (two or three orders of magnitude) was found. The limits of detection (LOD) and quantification (LOQ) were determined as the lowest concentrations yielding a signal-tonoise ratio of at least 3:1 and 10:1, respectively. As can be seen in Table 3 , these values ranged between 0.0026 μg/L for linalool and the highest value (62.41 μg/L) calculated for isobutanol. A LOD value of 20 μg/L has been described for this compound when using a polyacrylate SPME fibre, which in fact should have a high affinity for this compound (Jelen et al. 1998 ). On the other hand, the volatile phenols 4-ethylguayacol and 4-ethylphenol showed closer LOD values to those recently reported by Pizarro et al. (2010) . However, the LOD value calculated for 4-vinylphenol was higher in our experimental conditions than that reported in the aforementioned work, which can be related to the higher extraction time and the higher extraction temperature (80°C) employed in the latter. Therefore, the proposed method showed an adequate analytical performance for the analysis of beer volatile compounds.
Evolution of Volatiles Compounds in Beers Submitted to Different Storage Conditions
The optimised HS-SPME method was applied to the same type of beer sample submitted to different controlled storage conditions (4, 20 and 40°C) during 5 months of ageing. Analyses were performed at the starting point (t00) and in the samples after 1, 2, 3, 4 and 5 months of storage. This period of time corresponds to the average shelf life of this type of beer. For each analysis, three independent cans submitted to the same treatment were employed. Only one HS-SPME-GC-MS analysis per can was performed. Therefore, the results of volatile analysis correspond to triplicates of three cans of beer under the same storage treatment. The calculated concentrations corresponding to the volatile compounds identified in each beer sample are shown in Table 4 . These data were submitted to a cluster analysis in order to obtain a preliminary view of the main causes for the changes observed in these compounds. Figure 3 shows the dendrogram obtained. The squared Euclidean distance was taken as a measure of proximity between two samples, and Ward's method was used as a linkage rule. Except one sample (3m-04c), the repetitions of samples from the same treatment were well classified. As can be seen in the figure, four large groups of samples can be distinguished. The first one was constituted for the samples at t00 (0m-1, 0m-2), the samples corresponding to 2 months stored at 4 and 20°C (2m-04, 2m-20) , and the 3-month samples at 4°C (3m-04). The second group included all the 1-month samples, independently of the storage temperature conditions (1m-04, 1m-20, 1m-40) . The third group included most of the samples stored at 40°C from 2, 3 and 4 months of ageing (2m-40, 3m-40, 4m-40) . The last large group of samples was formed by the samples of 3-5 months storage at 4 and 20°C (3m-04, 3m-20, 4m-04, 4m-20, 5m-04, 5m-20) . In general, it seemed that both factors, storage time and temperature, affected the behaviour of the volatile compounds in the beer samples during ageing. This fact was corroborated after the application of a two-way ANOVA to the data. shows these results. As can be seen, the storage time had a significant effect on practically all the volatiles (p<0.05). Contrarily, linalool and benzaldehyde did not show this trend. Linalool has been described as an important contributor to the aroma of Pilsner-type beers (Fritsch and Schieberle 2005) , and it is often used as an indicator of the presence of hop aroma compounds Kishimoto et al. 2006) . The storage temperature also had a great effect on the volatile composition, and except ten volatile compounds, the rest of them were significantly (p<0.05) influenced by this factor. As can be seen in Table 4 , in general, there was a decrease in the amount of the majority of volatile compounds during ageing. Therefore, 4-and 5-month samples showed the lowest concentration for many of the volatile compounds identified in the samples (isoamyl acetate, ethyl hexanoate, ethyl octanoate, β-citronelol, nerol, etc) . Different types of chemical reactions accounted for during beer ageing, such as terpenoid oxidation, aldol condensation, ester and glycoside hydrolysis, might explain it . However, the concentration of some compounds such as 2-methoxy-4-vinylphenol and methionol increased during ageing. The first compound has been shown to play an important role in beer flavour (Fritsch and Schieberle 2005) with a smoky clove-like odour. On the other hand, methionol is a product derived from the catabolism of methionine and has also been related to cauliflower odour notes in beers (Landaud et al. 2008) . In other published works, some aldehydes related to the oxidation of fatty acids and higher alcohols have been shown to increase during beer ageing (Vesely et al. 2003) . Although the methodology employed in our work did not allow the specific screening for aldehydes, the decrease in some compounds related to pleasant aromas (terpenes, esters, etc.) and the Mean values with different letters indicate significant differences between temperatures for the same storage time (p<0.05) Compounds for which no commercial standards were available; thus, concentration is expressed as relative peak area (Peak area compound/Peak area internal standard) *Significant differences between samples (p<0.05) Fig. 3 Dendrogram of the beer samples using the data corresponding to the volatile compounds. 0m, 1m, 2m, 3m, 4m and 5m correspond to sample age in months; 04, 20, 40 correspond to storage temperature (°C); a, b, c correspond to the number of repetitions from independent cans under the same storage conditions (in the case of the 0-month samples, only two cans and three repetitions of each of them were used for the study)
increase in others more related to off-flavours (methionol) might be responsible for changes on the typical beer aroma induced either by storage time or temperature.
To have a deeper knowledge on the effect of the storage temperature for a specific storage time on the volatile composition of beers, a Student-Newman-Keuls test to compare the means of the volatile compounds determined in beers submitted to the three different storage temperatures was performed. These results are also shown in Table 4 . In general, in the 1-month samples, the concentration of many compounds was lower in the samples stored at 20 and 40°C compared with those stored at 4°C. This observation was more remarkable for the group of terpenes and C13 norisoprenoids, specifically for compounds like β-citronellol, nerol or β-damascenone. However, in the 2-and 3-month samples, the differences in the concentration of volatiles between samples stored at different temperatures seemed to be slighter.
In order to obtain more information on the causes of the variability in the concentration of the volatile compounds in the beer samples, PCA, from the correlation matrix, was performed. It was observed that more than 55% of the variation in these values could be explained by the first two principal components. The first principal component (PC1) explained 39% of data variability and was strongly and negatively correlated with β-citronelol (−0.919) and positively with 4-vinylphenol (0.911), ethyl propanoate (0.835), isobutyl acetate (0.860), ethyl butyrate (0.855), isoamyl acetate (0.823), ethyl octanoate (0.839), nerol (0.801), β-phenylethyl acetate (0.888) and ethyl heptanoate (0.847). The second principal component (PC2), which explains 16.4% of data variation, was positively related to 1-hexanol (0.723), β-damascenone (0.757), hexanoic acid (0.719) and octanoic acid (0.760). The plot of the different beer samples in the plane defined by the first two PCs is shown in Fig. 4 . Herein, 1-month samples appeared on the right side of the plane exhibiting positive values for PC1, therefore higher concentrations of the above-cited volatiles related to PC1. Within this group, those samples stored at 4°C had the highest PC1 values, so the highest concentrations of these compounds. A second group of samples was characterized by positive and low values of PC1, but negative for PC2. These samples corresponded to the original sample (0 month old) and the 2-month samples stored at 4 and 20°C. The rest of the samples were characterized by negative values for PC1. Here, samples of 4 and 5 months storage at 40°C appeared closer between them, showing a very similar volatile composition. Compared with the 0-month sample, which showed negative values for PC2, these samples (4-5 months and 40°C) exhibited positive values for PC2; therefore, they showed greater values of 1-hexanol, β-damascenone and the volatile fatty acids, hexanoic and octanoic, among others.
Sensory Analysis
To know the differences in quality between the original beer sample and the same beer stored for 5 months at different temperatures, a sensory analysis was performed at the beginning (t00) and at the end of the study (t05 months) with the three types of beer samples (5m-04, 5m-20, 5m-40) . To do so, a sensory expert panel performed the sensory evaluation of the beers. The assessment was made using scores; the trained expert panel rated the overall quality of the beer samples (in Fig. 4 Representation of the beer samples in the plane defined by the two first principal components (PC1, PC2) obtained from the PCA of the data corresponding to the volatile composition. The numbers on the top of the symbols refer to the different temperatures tested (4, 20 and 40°C) In bold: coincident answers by at least two panellists. Scores mean: (1-2) very bad quality; (3-4) bad; (5-6) acceptable; (7) good; (8) very good; (9) excellent a scale from 1 to 9 points) and classified them as excellent (9), very good (8), good (7), acceptable (5-6) and bad (3-4). Scores lower than 3 points showed that beers were not adequate for commercial purposes. The final scores were the averages of the scores of each taster. The beers were tested individually and not comparatively. In addition, in the 5-month samples, the panellists were asked to perform a descriptive analysis of the sensory profile of beers. Table 5 shows the scores rated by the panellists. As can be seen, after 5 months of ageing, there was a notable depreciation of the overall quality of beers, independent of the storage temperature. Even the samples stored at 4°C were rated one point lower than the original beer sample. Storage in refrigeration conditions greatly improved the quality of beers. At 20°C, which is a temperature condition even lower than those found in many retailers, the overall quality of the beer was evaluated as bad. In addition, beers stored at 40°C, which can be considered as an accelerated ageing condition, exhibited the lowest scores, therefore the poorest quality. It is interesting to note that some of the descriptors associated to these samples, such as, muscat, sweet, toasted, are common to those found in oxidized white wines (Bueno et al. 2010; Escudero et al. 2000 Escudero et al. , 2002 . Among the volatile compounds that might be associated with these descriptors, β-ionone, the odour quality of which has been described as honey-like (Fritsch and Schieberle 2005) and which has been found at the highest concentration in the 4-and 5-month samples stored at 40°C, might be considered as a good marker of beer oxidation. In fact, the OAV calculated for this compound in these samples (taking into consideration the odour threshold of this compound calculated in water and reported by Fritsch and Schieberle 2005) clearly was higher than 1, showing a potential impact of this compound on the overall sensory profile of aged beers. In summary, the use of an experimental design based on a CCC factorial design allowed the multivariate optimization of the variables influencing most the HS-SPME extraction procedure for profiling beer volatile composition. The variables with the strongest influence in the volatile extraction yield are the volume of the sample (V) and the extraction temperature (T), with positive and negative effects, respectively. The extraction time shows, in general, a negative effect for most of the selected volatile compounds. The performance characteristic of the optimised method are good enough (adequate linear ranges, repeatability, detection and quantification limits) to be used for beer volatile analysis. In addition, the application of the optimised method to the same beer sample stored at different temperature conditions showed a large effect of both factors. The concentration of most volatile compounds decreased during the storage, although the rate of decrease was clearly higher at ambient temperature (20°C) compared with refrigeration conditions (4°C). Accelerated ageing conditions (40°C) showed the most different volatile profile. In addition, sensory analysis revealed the lowest quality for the latter group of samples, whilst storage at 4°C greatly improves their overall quality. These results show that even at ambient temperature, the aroma profile of beer is greatly modified during its shelf life, underlying the necessity of deeper investigations on the chemistry and biochemistry mechanisms involved in the stability of beer flavour.
